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TransmissionTwenty avian inﬂuenza viruses were isolated from seven wild migratory bird species sampled at St.
Lawrence Island, Alaska. We tested predictions based on previous phylogenetic analyses of avian inﬂuenza
viruses that support spatially dependent trans-hemispheric gene ﬂow and frequent interspecies transmis-
sion at a location situated at the Asian–North American interface. Through the application of phylogenetic
and genotypic approaches, our data support functional dilution by distance of trans-hemispheric
reassortants and interspeciﬁc virus transmission. Our study conﬁrms infection of divergent avian taxa with
nearly identical avian inﬂuenza strains in the wild. Findings also suggest that H16N3 viruses may contain
gene segments with unique phylogenetic positions and that further investigation of how host speciﬁcity may
impact transmission of H13 and H16 viruses is warranted.sphere and Oceans, University
Inc.Published by Elsevier Inc.Introduction
Wild migratory waterbirds are natural reservoirs of inﬂuenza A
viruses (Webster et al., 1992). All sixteen hemagglutinin (HA) and
nine neuraminidase (NA) antigenic inﬂuenza subtypes have been
identiﬁed in avian hosts (Hinshaw et al., 1980, 1982; Kawaoka et al.,
1990; Rohm et al., 1996; Fouchier et al., 2005). Genes of inﬂuenza
viruses infecting mammalian hosts including humans (Scholtissek et
al., 1978), livestock (Scholtissek et al., 1983; Guo et al., 1992), and
marine mammals (Hinshaw et al., 1984, 1986) have been established
as being of avian origin, including those from past pandemic strains
(Scholtissek et al., 1978; Kawaoka et al., 1989) and those having
future pandemic potential (Li et al., 2004). Thus, the processes by
which avian inﬂuenza viruses are transmitted andmaintained in wild,
migratory birds have implications to the health of humans, livestock,
and wildlife worldwide.
Previous phylogenetic analyses of low pathogenic avian inﬂuenza
(LPAI) viruses have demonstrated that these viruses are generally
differentiated between Eurasia and North America (Olsen et al., 2006),
with relatively rare detection of intercontinental reassortants
(Makarova et al., 1999; Liu et al., 2004; Wallensten et al., 2005;Krauss et al., 2007; Dugan et al., 2008; Koehler et al., 2008; Manzoor et
al., 2008; Ramey et al., 2010). Reassortment events between Eurasian
and North American LPAI gene pools have been detected more
frequently along continental margins where migratory ﬂyways
overlap, such as in western Alaska (Ramey et al., 2010) and eastern
North America (Makarova et al., 1999; Pearce et al., 2010). In contrast,
birds sampled at greater distances from regions where migratory
ﬂyways overlap exhibit LPAI viruses with little or no evidence of
trans-hemispheric reassortment (Pearce et al., 2009). Thus, detection
of intercontinental reassortment events in wild migratory birds may
be a function of dilution by distance (Pearce et al., 2009).
At the boundary of the Eastern and Western hemispheres where
three avian migratory ﬂyways overlap lies St. Lawrence Island, Alaska
(Fig. 1). The island, situated in the Bering Sea between Alaska and
Russia, is well known for a wide diversity of Eurasian and North
American bird species that occur during spring and fall migration (Fay
and Cade 1959; Sealy et al., 1971; Lehman 2005). A smaller number of
bird species remain on the island to breed during summer months
that originate from Neararctic and Palearctic avifaunal communities
with near equal frequency (Sealy et al., 1971). Thus, inter-mixing of
conspeciﬁc and sympatric taxa using the East Asian–Australasian,
Central Paciﬁc, and Paciﬁc Americas migratory ﬂyways is likely on St.
Lawrence Island through shared use of perimetric habitats, such as sea
cliffs and coastal lagoons (Fay and Cade, 1959).
Interspecies transmission of avian inﬂuenza viruses may occur in
wild birds during migration when ﬂocks of mixed species gather at
Fig. 1. Location of St. Lawrence Island, Alaska, in relation to the overlapping East Asian–Australasian, Central Paciﬁc, and Paciﬁc Americas migratory bird ﬂyways.
Figure adapted from Boere and Stroud (2006).
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congregate at shared habitats (Garamszegi and Møller, 2007). This
may be especially true for large congregations of waterfowl during fall
migration when concentrations of young, immunologically naïve
birds are high, or during summer breeding months when colonial
nesting birds spend considerable amounts of time in feces-rich
environments. Previous analyses addressing the effect of host species,
geographic location, and sampling time on avian inﬂuenza viruses
across broad geographic areas and time scales found weak support for
a species effect but evidence for phylogenetic clustering by space and
time (Chen and Holmes, 2009); an indication that transmission and
reassortment of avian inﬂuenza between species may be frequent.
In this study, we examined the genomic diversity of LPAI virus
genes from seven avian species that migrate to St. Lawrence Island,
including glaucous gull (Larus hyperboreus), common murre (Uria
aalge), thick-billed murre (U. lomvia), Paciﬁc golden-plover (Pluvialis
apricaria), harlequin duck (Histrionicus histrionicus), king eider
(Somateria spectabilis), and lesser snow goose (Chen caerulescens) to
test two predictions. First, the geographic position of St. LawrenceIsland between Eurasia and North America in an area of known
migratory overlap should yield a greater proportion of inter-
hemispheric reassortants than prior assessments of LPAI sampled
from birds at locations on either continental landmass with less trans-
hemispheric ﬂyway connectivity. Second, frequent interspecies
transmission and reassortment of avian inﬂuenza viruses should
lead to similar or identical virus genotypes among hosts using the
same habitats. To test these predictions, we used a phylogenetic
approach to examine patterns of reassortment between Eurasian and
North American LPAI viruses and a genotypic method to determine if
homologous viruses are shared among avian taxa.
Results
Subtype diversity
We detected nine HA subtypes and six NA subtypes among the 20
LPAI viruses isolated from birds on St. Lawrence Island (Fig. 2). H11N9
was the most common subtype combination (20% of all isolates),
Fig. 2. Distribution of hemagglutinin (H) and neuraminidase (N) subtypes observed
among 20 avian inﬂuenza isolates sampled between 2006 and 2008 on St. Lawrence
Island, Alaska.
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H9N2 (also 10% of isolates). All other subtype combinations (H1N9,
H2N6, H6N1, H10N1, H10N2, H10N3, H10N9, H13N3, and H16N3)
occurred in single isolates and each accounted for 5% of the total.
Subtypes H1, H2, H9, H11, N2, and N6 were detected only in isolates
from the family Alcidae and subtypes H6 and H16 only from Laridae
(Fig. 3). All other subtypes were detected in isolates from more than
one taxonomic family.
Reassortment events
Phylogenetic separation of North American and Eurasian lineages
was supported by genetic distance and Bayesian methods (Fig. 4)
allowing identiﬁcation of continental afﬁliation for 156 of 160 (97.5%)
inﬂuenza gene segments. Continental afﬁliation could not be reliably
determined for four segments from the H6, H16, NP, and N3 genes
(see Discussion). Three of these gene segments originated from the
same strain, A/glaucous gull/Alaska/44198-027/2006(H16N3). The
H16 and N3 genes of this strain were phylogenetically differentiated
from all contemporary (2000–2008) waterbird reference sequences
used in this study. Of the 156 gene segments from St. Lawrence Island
for which continental afﬁliation was assigned, the majority (118,
75.6%) were more closely related to LPAI viruses isolated from North
America (Fig. 3) than those from Eurasia. The level of intercontinental
reassortment appeared to vary by avian family with Laridae having a
greater proportion of Eurasian lineage gene segments (35%) than
Anatidae (25%), Alcidae (19%), and Charadriidae (0%). However,
samples sizes per family were small.
Assignment of genotypes
Fourteen unique genotypes were assigned to the 20 isolates from
St. Lawrence Island, with ﬁve (genotypes A–E) assigned to more than
one isolate (Fig. 3). Homologous genotypes occurred within birds of
the same species, different species but those of the same family, and
among species of different avian families (Fig. 3). One homologous
virus of subtype H13N9 was detected in two glaucous gulls and a
lesser snow goose; avian species of different taxonomic orders.
Among homologous isolates, all gene segments were≥99.4% identical
with regard to nucleotide sequence and ≥98.9% identical concerning
translated codons except for the NS genes of strains A/thick-billedmurre/Alaska/44085-090/2006(H11N9) and A/thick-billed murre/
Alaska/44086-095/2006(H11N9). These genes were 95.0% and 88.1%




In this study, we characterized 20 avian inﬂuenza viruses isolated
from wild, migratory birds on St. Lawrence Island, Alaska, including
the ﬁrst report of inﬂuenza viruses from king eider and harlequin
duck. The distribution of LPAI virus subtypes was different among St.
Lawrence Island isolates in comparison to those frommainland Alaska
during the same time period (Ramey et al., 2010) which may be
explained in part by antigenic susceptibility of the host species. A total
of 85% of isolates analyzed in this study was identiﬁed as
intercontinental reassortants indicating that LPAI isolates from St.
Lawrence Island yield a greater proportion of trans-hemispheric
reassortants than previous assessments for Eurasian and North
American landmasses. Results also provide evidence for unique
phylogenetic placement of gene segments for H16N3 viruses which
warrants future investigation. Additionally, ﬁve identical genotypes
were assigned to more than one isolate from birds of different
taxonomic groups, conﬁrming our prediction of similar virus
genotypes across hosts.
Subtype distribution
The distribution of LPAI virus subtypes was different among St.
Lawrence Island isolates in comparison to those from northern
pintails (Anas acuta) sampled on mainland Alaska during the same
time period (Ramey et al., 2010). Among northern pintails, H3N8 was
themost common subtype across years, but that subtype combination
was only observed among two isolates from St. Lawrence Island (A/
glaucous gull/Alaska/44201-161/2006 and A/Paciﬁc golden-plover/
Alaska/44201-109/2006). Similarly, the N9 subtype observed in 45%
of isolates from St. Lawrence Island was recorded in 2% of northern
pintails from mainland Alaska (Ramey et al., 2010). Subtype
combinations detected on St. Lawrence Island may, in part, be
explained by antigenic susceptibility of the host species in our
sample. The H13 and H16 subtypes observed among glaucous gull and
lesser snow goose isolates from St. Lawrence Island have been
previously associated with Charadriiformes (Webster et al., 1992;
Stallknecht, 2003; Fouchier et al., 2005; Munster et al., 2007). These
are apparently the ﬁrst recorded occurrences of the H13 subtype from
western North America and the singular record of this subtype in a
North American waterfowl species based on searches of GenBank. It
should be noted that the lesser snow goose from which this H13 virus
was isolated is most likely from the population breeding on Wrangel
Island, Russia, and wintering in western North America (Ely et al.,
1993). Additionally, only 21 sequences for the H16 subtype have been
previously reported worldwide in the GenBank database, ﬁve of
which originated from birds sampled in North America. Interestingly,
sequence information for the single H16 strain in western North
America also originated from an Alaskan gull species, A/black-legged
kittiwake/Alaska/295/1975(H16N3).
Intercontinental reassortment
Viruses isolated from St. Lawrence Island were predominately
(85%) intercontinental reassortants (Figs. 3 and 4), with only three
isolates comprised entirely of North American lineage genes. No
isolate in this study was comprised entirely of Eurasian lineages,
although a single isolate, A/glaucous gull/Alaska/44199-097/2006
(H13N3) consisted of six gene segments (PB1, PA, H13, NP, M, NS)
Fig. 3. Genotypes of avian inﬂuenza strains isolated from samples collected on St. Lawrence Island, Alaska between 2006 and 2008 as classiﬁed using FluGenome (Lu et al., 2007).
Genotypes are composed of eight alleles corresponding to each of the inﬂuenza gene segments (PB2, PB1, PA, HA, NP, NA, M, and NS) arranged top to bottom. Alleles are shaded dark
gray (Eurasia), light gray (undetermined), or remain un-shaded (North America) to indicate continental afﬁliation as determined by phylogenetic analyses. Boxes indicate ﬁve
genotypes (A–E) assigned to more than one isolate.
355A.M. Ramey et al. / Virology 406 (2010) 352–359that were phylogenetically Eurasian and two (PB2, N3) that were
phylogenetically North American. The frequency of intercontinental
reassortment detected in this study is the highest recorded at any
location to date and is likely a reﬂection of overlapping migratorypathways (Fig. 1) of birds from two different hemispheres co-
inhabiting St. Lawrence Island during the course of this study. Unless
intercontinentally reassorted gene segments are conferred a selec-
tive advantage, Asian origin gene segments will be detected at a
Fig. 4. Phylograms showing relationship of St. Lawrence Island isolates (red circles) to contemporary Eurasian (black circles) and North American (white circles) lineages for internal gene
segments. The level of bootstrap support and Bayesian probability between continental clades is shown along branches (separated by a slash). The NS phylogram is divided into A and B alleles.
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lower levels of host species migratory connectivity as a function of
dilution by distance (Pearce et al., 2009). Only in instances where
intercontinental reassortants have a selective advantage and replace
endemic inﬂuenza lineages, such as when antigenic similarities
induce a cross protective immune response (Bahl et al., 2009), would
we expect high detection rates of inter-hemispheric reassortants in
avian communities with low levels of intercontinental migratory
connectivity.
While little is known about the speciﬁc migration patterns of
the species studied here, previous biogeographic assessments of
St. Lawrence Island avifauna have attributed an equal number of
the island's avifauna to Nearctic and Palearctic wintering areas
(Fay and Cade, 1959; Sealy et al., 1971). Differences in the level
of intercontinental reassortment observed by taxonomic family
may be a function of migratory patterns of species from which
viruses were isolated. Of the avian species using St. Lawrence
Island from which isolates were obtained, data regarding
migratory patterns are only available for the lesser snow goose
(Ely et al., 1993) and king eider (Phillips et al., 2006; Phillips and
Powell, 2006; Oppel et al., 2008). Migratory connectivity
between Asia and North America has been demonstrated in
both of these species through the application of satellite and/or
very high frequency radio transmitters.
Four sequences (2.5%) from H6, H16, NP, and N3 gene segments
could not be assigned to continental lineages using contemporary
(2000–2008) reference data from alcids, gulls, shorebirds, and
waterfowl (Fig. 3). Previous investigations of H6 revealed that the
North American lineage has recently been replaced by a Eurasian
lineage through reassortment (Bahl et al., 2009; Liu et al., 2009; zu
Dohna et al., 2009), complicating hemispheric assignments via
phylogenetic methods. The remaining three sequences were all
from A/glaucous gull/Alaska/44198-027/2006(H16N3) and were
either phylogenetically distant from contemporary reference
sequences (H16 and N3), or fell within mixed hemispheric clades
isolated from Charadriiformes (NP). The top ten BLAST results for the
H16 gene segment all showed close maximum identity scores (≥85%)
to other H16N3 viruses isolated from North American and Eurasian
Charadriiformes and a single Eurasian teal (Anas crecca) sampled
between 1975 and 2006. Similarly, the top ten BLAST results for the
N3 gene segment all showed close maximum identity scores (≥88%)
to H16N3 viruses from North American and Eurasian Charadriiformes
sampled between 1999 and 2006 with the exception of a single H7N3
virus from a Eurasian gull sampled in 1980. Maximum identity scores
for the top ten BLAST results for the NP, H16, and N3 gene segments
from A/glaucous gull/Alaska/44198-027/2006(H16N3) are reported
in Supporting Information Table S1. A previous phylogenetic
investigation of H16 gull viruses revealed similar results for the NP,
H16, and N3 gene segments (Fouchier et al., 2005). Further
investigation of the unique phylogenetic placement of gene segments
from H16N3 viruses is warranted.
Inter- and intraspeciﬁc genotypic homology
The application of the FluGenome software (Lu et al., 2007) to
genotype avian inﬂuenza viruses worked well to identify homologous
strains across individuals and taxa. Genotypic results from FluGenome
were veriﬁed by assessing allelic assignment via phylogenetic
methods and through the calculation of identical nucleotides and
translated codons for each gene segment. Veriﬁcation of results for
identical genotypes is important as allelic assignment of gene
segments using FluGenome may only broadly differentiate sequence
data in some instances.
Of the 14 unique genotypes observed among St. Lawrence Island
isolates, ﬁve (A–E) were assigned to more than one isolate (Fig. 3).
These ﬁve genotypes originated from samples collected within one oftwo time periods: 27 May–8 June (Alcidae) or 23 September–9
October 2006 (Laridae, Charadriidae, and Anatidae). The degree of
homology and similar dates of detection among genotypes A–E
indicate at least four cases where multiple birds were infected with a
common strain (A, C–E). However, the markedly lower homology of
one pair of identical genotypes (B) at the NS gene indicates a more
distant ancestral connection that may be best explained by reassort-
ment, although rapid mutation of one or both strains at this gene
segment cannot be ruled out. Genetic similarity and temporal
association of ﬁve shared genotypes suggest either common infection
from an unknown source or intra- and interspeciﬁc transmission. This
ﬁnding provides support for the suggestion that avian inﬂuenza
viruses readily infect multiple bird species that share breeding and
feeding areas (Chen and Holmes, 2009).
Avian inﬂuenza in the marine environment
Avian species included in this study are known to use marine and
intertidal habitats seasonally or year round (Johnson and Connors,
1996; Robertson and Goudie, 1999; Gaston and Hipfner, 2000;
Suydam, 2000; Mowbray et al., 2000; Gilchrist, 2001; Ainley et al.,
2002). To date, there are few reports of inﬂuenza viruses from
pelagic birds (Wallensten et al., 2005; Granter et al., 2010) and
foraging in marine habitats by avian hosts has been associated with
lower prevalence of inﬂuenza viruses (Garamszegi and Møller,
2007). However, inﬂuenza viruses occur at high prevalence in
Charadriiformes during spring along coastal habitats of eastern North
America (Kawaoka et al., 1988; Hanson et al., 2008) when large
numbers of shorebirds and gulls congregate to feed on seasonally
abundant food resources. Likewise, colonial nesting seabirds may
efﬁciently transmit avian inﬂuenza and other pathogens via feces
when congregated at high densities during the breeding season
(Muzaffar and Jones, 2004). Thus, the occurrence of avian inﬂuenza
may vary spatially and temporally in marine environments.
Furthermore, avian hosts have been implicated in the spread of
inﬂuenza A viruses to marine mammals (Nielsen et al., 2001) and
properties of marine environments may facilitate the spread of
viruses and other pathogens (McCallum et al., 2003). Our data
suggest that marine birds warrant additional investigation as vectors
of inﬂuenza viruses to a broad environmental and species reservoir
that extends beyond avian taxa.
Materials and methods
Sampling, virus isolation, and sequencing
Totals of 965, 64, and 382 cloacal swab samples were collected
from birds on St. Lawrence Island from June through October of 2006,
2007, and 2008, respectively. Samples were collected from live,
hunter-killed, beached, or net entangled birds. Swab samples were
subjected to virus isolation in embryonated eggs as described in Senne
(1989). Eighteen LPAI virus isolates from 2006, one from 2007, and
one from 2008 were selected for full genome sequencing based on
results of virus isolation. Sequence data collection followed Ramey et
al. (2010).
We sequenced partial or complete open reading frames of all 160
individual segments from the 20 virus isolates. The total number of
nucleotides analyzed for each RNA segment was: M (918), NP (1350),
NS (795–808), PA (2138), PB1 (2261), PB2 (2222), HA (1441–1691),
and NA (1334–1422). Sequences were reconciled with Sequencher
version 4.7 (Gene Codes Corp., Ann Arbor, MI). GenBank accession
numbers for isolates are: HM059928–HM060079. Sequence informa-
tion from A/Paciﬁc golden-plover/Alaska/44201-109/2006(H3N8)
was obtained from St. Lawrence Island as part of this study and
published previously (Pearce et al., 2010); GenBank accession
numbers GQ168607–GQ168614.
358 A.M. Ramey et al. / Virology 406 (2010) 352–359Phylogenetic assignment
Phylogenies to assign gene segments from each St. Lawrence Island
isolate into either Eurasian or North American clades were constructed
by comparing sequence data to reference sample sequences (see
Supporting Information Table S2) obtained from the GenBank database
at the National Center for Biotechnology Information (Bao et al., 2008).
Totals of 12–116 reference samples isolated from waterbirds (alcids,
gulls, shorebirds, and waterfowl) from across North America and
Eurasia between 2000 and 2008were selected for each gene segment to
represent contemporary continental lineages and major clades as
identiﬁed in previous phylogenetic investigations (Krauss et al., 2007;
Dugan et al., 2008; Ramey et al., 2010). In the cases of H9, H13, and H16,
few reference lineages were reported in previous phylogenetic studies.
Therefore, contemporary (2000–2008) reference sequences
(range=6–12) were obtained from GenBank and phylogenetic trees
were constructed to conﬁrm continental afﬁliations. Sequences were
aligned using Sequencher version 4.7.
Neighbor-joining (NJ) trees were generated in MEGA version 4.0.2
(Tamura et al., 2007) and representative sequences from each major
clade of NJ trees were used in subsequent Bayesian analysis using
BEAST version 1.5.2 (Drummond and Rambaut, 2007) as described in
Ramey et al. (2010). Sequences from isolates collected on St. Lawrence
Island were then assigned as being of Eurasian, North American, or of
undetermined lineage based on phylogenetic placement.Genotypic assignment
To determine levels of genomic homology among viruses of the
seven avian host species, sequence data for each of the 160 gene
segments was genotyped using FluGenome (Lu et al., 2007). Alleles
for gene segments were determined using the BLAST method with
coverage ≥95% and identity ≥90%. In cases where an allele could not
be assigned by FluGenome, a U or #U (with the # corresponding to the
respective subtype in the case of surface glycoproteins) was assigned
(n=6). Genotypes of each virus were then created by concatenating
alleles for each gene segment.Acknowledgments
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